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The effects of boron addition to an alumina (Al2O3) support on the hydrodesulfurization 
(HDS) properties of nickel phosphide (Ni2P) catalysts have been investigated. The B-Al2O3 
supports were prepared by a wetness impregnation method using boric acid (H3BO3) to dope the 
alumina support with 0-7.2 wt% B, yielding a boron oxide (B2O3) layer of monolayer thickness 
on the surface of the Al2O3 support. Ni2P precursors were prepared on the B-Al2O3 supports in 
two ways: 1) impregnation using a solution comprised of hypophosphorous acid, nickel nitrate 
and nickel hydroxide, or 2) impregnation using a solution comprised of ammonium dihydrogen 
phosphate and nickel nitrate. The two types of precursors were converted to the Ni2P/B-Al2O3 
catalysts using temperature programed reduction (TPR) under flowing hydrogen.  
The B-Al2O3 supports and Ni2P/B-Al2O3 catalysts were subjected to a range of 
characterization techniques to probe the effects of B-loading and different phosphorous sources 
(hypophosphite vs. phosphate) on catalyst properties. The B-Al2O3 supports were analyzed using 
X-ray photoelectron spectroscopy (XPS) and FTIR spectroscopy to determine the B-loading (5 
wt% B) corresponding to B2O3 monolayer formation on the Al2O3 support. FTIR spectroscopy of 
adsorbed CO showed that with increased B-loading, the B-Al2O3 supports adsorbed more CO 
until 1.0 wt% B, at which point the CO adsorption capacity decreased slightly.  
The Ni2P/B-Al2O3 catalysts were tested under HDS reaction conditions to determine the 
optimal B-loading for sulfur removal from 4,6-dimethyldibenzothiophene, as well as the role of 
the phosphorous source in determining catalytic properties. For hypophosphite-based Ni2P/B-
Al2O3 catalysts, a 0.8 wt% B-loading resulted in the highest HDS conversion at 573 K where as 
for the phosphate-based catalysts, a 1.2 wt% B-loading corresponded to the highest conversion 
rate. When comparing the different phosphorous sources, the hypophosphorous-based Ni2P/B-
iii 
Al2O3 catalysts exhibited higher HDS activities than the phosphate-based Ni2P/B-Al2O3 catalysts, 
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  1 
1. Introduction 
In the last few decades, restrictions on the amount of sulfur allowed in diesel and gasoline 
have become more stringent;1 however, the crude oil available to refineries continues to increase 
in sulfur content (Figure 1.1).2  
Figure 1.1. Sulfur content in crude oil arriving at U.S. refineries from 1985-2015.2 
 
Crude oil is separated into fractions via distillation where the compounds that comprise 
petroleum are separated based on their boiling points. Each hydrocarbon fraction contains a 
different mixture of sulfur-containing impurities. Mercaptans and sulfides are most prevalent in 
the low boiling point fractions whereas thiophenes, dibenzothiophenes and alkylated 
dibenzothiophenes (structures shown in Figure 1.2) are most common in the higher boiling point 
fractions.3 
 
Figure 1.2. Chemical structures of thiophene, dibenzothiphene, 4-methyldibenzothiophene, and 
4,6- dimethyldibenzothiophene. 
 














































Using heterogeneous catalysts is an effective method for removing sulfur from organo-
sulfur compounds in crude oil.4 When organosulfur compounds interact with the hydrotreating 
catalysts in the presence of excess hydrogen, the compound reacts with the hydrogen creating a 
hydrocarbon and hydrogen sulfide gas. The same removal is applied to organonitrogen 
compounds where ammonia is evolved as a byproduct and collected to be used for further 
industrial processes. Oil and hydrogen flow through the catalyst bed of an industrial reactor; 
hydrodesulfurization (HDS) and hydrodenitrogenation (HDN) (reactions shown in Figure 1.3) 
occur as the catalyst interacts with the sulfur or nitrogen compounds and selectively remove the 
heteroatoms to give hydrocarbons, H2S and NH3. 
 
 
Figure 1.3. Hydrodenitrogenation and hydrodesulfurization reaction mechanisms. 
 
Currently, industrial catalysts are composed of Co- or Ni-promoted molybdenum sulfide 





Figure 1.4. Structure of MoS2 particles on an Al2O3 support.
5 
 
The MoS2 particles have an anisotropic structure which limits the number of active sites 
on the catalysts. To increase the number of active sites, additives can be added to the support 
which lessen the MoS2-support interactions.
1
 
With increasing restrictions on sulfur permitted in transportation fuels, it is essential to 
investigate catalytic materials for HDS that have the potential to replace current Mo sulfide-
based catalysts. Several different metal oxide supports can be combined with active phases to 
create an efficient catalyst to remove heteroatom impurities from crude oil feedstocks. The most 
widely used support for hydrotreating catalysts is gamma-alumina (γ-Al2O3).  
Adding an active phase to an Al2O3 support creates a catalyst that can be used to remove 
impurities. Promising active phases for hydrotreating applications are active metal phosphide 
catalysts due to their high chemical and thermal stability and their high melting points. This 
allows for easier production and storage of metal phosphide catalysts.  
This research investigates if the addition of boron to an Al2O3 support will allow for the 
synthesis of Ni2P at lower P/Ni molar ratios and at lower temperatures, resulting in improved 
catalytic properties. To test this hypothesis, surface chemical analysis will be performed to 




(Ni2P); it is predicted that with boron addition, a boron oxide layer will form on the Al2O3 
support altering the interaction between the Al2O3 support and the nickel phosphide precursors. 
This should allow for the synthesis of Ni2P on Al2O3 at lower temperatures, with smaller Ni2P 
crystallite sizes, and with less phosphorous addition, while having better catalytic results than 
boron-free catalysts. 
Doping alumina with boron (in the form of H3BO3) allows for the growth of a B2O3 
monolayer on the Al2O3 (Figure 1.5).
1  
 
Figure 1.5. Model for the formation of B2O3 surface layer on Al2O3.
6,7 
 
The monolayer forms via a condensation reaction where H3BO3 reacts with the Al2O3 to 












Usman et al.8 revealed that pure Al2O3 exhibits three distinct peaks in its IR spectrum; 
however, the addition of B results in only one peak being observed (Figure 1.7).  
 
Figure 1.7. Reproduced FTIR spectra of hydroxyl groups on Al2O3 support at various B-
loadings (0, 0.3, 0.6, 1.2, 2.5 wt%, and MoO3/B/Al2O3 respectively).
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This single new peak at 3690 cm-1 corresponds to B-OH groups where the boron is 
bonded to the Al2O3 support. Usman’s results indicated that boric acid prefers to react with basic 
hydroxyl groups on the Al2O3 support, therefore, with increasing B-loading an almost complete 
loss of the basic hydroxyl groups occurs. 
The surface structure and the acidity of the support plays a crucial role in HDS catalysis.4 
A B-Al2O3 support can be further impregnated with a metal-based precursor and converted to the 
active phase such that the catalyst effectiveness in removing S and N impurities increases. The 
addition of boron on the Al2O3 surface results in strong Brønsted-acid centers and has the 
potential to affect the dispersion and reactivity of the active metals on the surface.4 The B2O3 
layer formed on the Al2O3 support modifies the interaction of the metal-based precursor with the 
Al2O3 support surface. It does so by forming a protective B2O3 layer on the Al2O3 support 
6 
thereby preventing metal atoms (Ni and Mo) from entering into the Al2O3 lattice. This leads to 
an increase in the total number of octahedral Ni species and an increase in the formation of 
highly active Ni-P-S species.1 This finding was also supported by Ding et al.9 and Ramirez et al.7 
By adding a monolayer of B2O3 to an Al2O3 support, Sato et al.
10 reported that the acidity 
of the Al2O3 support increased which was caused by a modification of the support acidity. It has 
been shown that 2,6-dimethylpyridine (2,6-DMP) adsorption is an effective probe molecule for 
detemining the number and strength of acidic sites on B-A2O3 supports.
11 The structure of 2,6-
DMP is shown in Figure 1.8. 
 
Figure 1.8. Chemical structure of 2,6-dimethylpyridine (2,6-DMP). 
 
The 2,6-DMP adsorbs to B-doped Al2O3 supports via interaction with Lewis acid and 
Brønsted acid sites. The two possible adsorption modes are shown in Figure 1.9. 
 
 
Figure 1.9. Possible adsorption of 2,6-dimethylpiridine to an alumina oxide support and a B-
doped alumina support. 
 
It has also been shown that due to the strong basicity of 2,6-DMP, the protonated species 
(2,6-DMPH+) is likely to form. The lower the ν8a and ν8b (vibrational modes associated with the 
7 
ring on 2,6-DMP) frequencies of the adsorbed 2,6-DMPH+ at ~1650 cm-1, the stronger the 
Brønsted acid sites of the B-Al2O3 support.
11 Furthermore, it has been shown that with the 
addition of B on the Al2O3 support, the vibrational peak of 2,6-DMP at ~1654 cm
-1 increases in 
intensity and shifts to a lower wavenumber indicating that the addition of B increases the 
concentration of Brønsted acid sites. The authors showed that an increasing linear relationship 
exists between the B content of the Al2O3 support and the Brønsted acid site concentration. Chen 
et. al. showed that as the acidity of the support increases, HDS conversion via the hydrogenation 
pathway increases.11 
Boron addition results in an alteration of metal dispersion when metals are deposited on 
B-Al2O3 supports, which can also have an effect on the activity of a catalyst.
1 In this thesis 
research, the effect of B addition to high surface area alumina (Al2O3) on the properties of 
Ni2P/B-Al2O3 hydrotreating catalysts was investigated. X-ray diffraction was performed to 
analyze crystallite sizes and to determine phase purity of the synthesized nickel phosphide 
catalysts. X-ray photoelectron was used to determine surface compositions and oxidation states. 
To test catalyst effectiveness, HDS measurements were carried out using 4,6-DMDBT as the 
model organosulfur compound, yielding activity and selectivity data that can be compared to that 
of Ni-Mo/Al2O3 and Co-Mo/Al2O3 catalysts. The objective of this work is to determine the 
optimal B-loading of the Al2O3 support, and synthesis conditions for Ni2P/B-Al2O3 catalysts that 
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2.1 Catalyst Preparation 
Alumina tablets (γ-Al2O3, Engelhard, AL-3945) were ground to a fine powder, calcined 
at 773 K and stored in a 393 K oven prior to use. Ammonium dihydrogen phosphate (NH4H2PO4, 
98.0%), nickel (II) hydroxide (Ni(OH)2, 99.5%), nickel (II) nitrate hexahydrate (Ni(NO3)2•6H2O, 
99.9985%), and boric acid (H3BO3, 99.9995%)  were used as received from Alfa Aesar. 
Hypophosphorous acid (H3PO2, 50 wt% in H2O) was used as received from Sigma-Aldrich. 
 
2.2 Preparation of B-Al2O3 Supports 
To prepare the Ni2P/B-Al2O3 catalysts, a wetness impregnation method was used. 
Varying amounts of H3BO3 and nanopure water were impregnated onto the Al2O3 support (until 
incipient wetness) (Figure 2.1) in order to create the desired B-loading (wt% B) on the support 
(Table 2.1).  
 





Table 2.1. Starting material amounts for preparation of B-Al2O3 supports at increasing B-
loading. 
B-loading (wt%) H3BO3 ɤ-Al2O3 
0.2 0.0571 g 5.0005 g 
0.4 0.1144 5.0003 
0.6 0.2402 7.0021 
0.8 0.2298 5.0002 
1.0 0.2863 5.0022 
1.2 0.3431 5.0006 
1.6 0.2519 2.7500 
2.0 0.5721 5.0004 
3.3 0.3942 2.0021 
5.0 0.6863 2.4003 
7.2 0.8885 2.0080 
 
After each impregnation, the B-Al2O3 support was dried in a 343 K oven for 2 h. Several 
impregnations were required to impregnate all of the solution onto the support. After the final 
impregnation, the B-Al2O3 support was dried in a 343 K oven for 24 h after which the powder 
mixture was calcined in air for 3 h at 773 K. 
 
2.3 Preparation of Hypophosphite-Based Precursors of Ni2P/B-Al2O3 Catalysts 
Precursors of Ni2P/B-Al2O3 catalysts were prepared on the B-treated supports using two 
methods. An initial series of precursors was synthesized at a phosphorous-to-nickel (P/Ni) molar 
ratio of 2.0. The B-Al2O3 supports were impregnated with a solution comprised of H3PO2 and 
Ni(OH)2, which reacted to give Ni(H2PO2)2 (aq). 
 Ni(OH)2 (s)  +  2H3PO2 (aq)    Ni(H2PO2)2 (aq)  +  2H2O (l) (1) 
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The solution was impregnated onto the B-Al2O3 support until incipient wetness was 
reached (Figure 2.2). 
 
Figure 2.2. Synthesis of Ni2P/B-Al2O3 catalysts from hypophosphite precursors having P/Ni = 
2.0. 
 
The mixture was then dried in a 343 K oven for 2 h. The process was repeated until all of 
the Ni(H2PO2)2 solution was impregnated onto the B-Al2O3 support, yielding a hypophosphite 
precursor at a P/Ni molar ratio of 2.0. The Ni(H2PO2)2/B-Al2O3 precursor was dried in a 343 K 
oven for 24 h prior to any characterization analysis. 
 
Table 2.2. Starting material amounts for preparation of hypophosphite-based precursors (P/Ni = 
2.0) of 25 wt% Ni2P/B-Al2O3. 
B-loading (wt%) Ni(OH)2 
H3PO2  
(50 wt% in H2O) 
B-Al2O3 
0.0 0.8328 g 2.3749 g 2.0013 g 
0.2 0.2087 0.5948 0.5013 
0.4 0.2084 0.5933 0.5004 
0.6 0.6280 1.7810 1.5008 
0.8 0.2088 0.6005 0.5014 
1.0 0.2084 0.6044 0.5009 
1.2 0.8332 2.3726 2.0002 
2.0 0.8332 2.3774 2.0003 
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A second series of hypophosphite-based precursors were synthesized at a P/Ni molar 
ratio of 1.5. In order to dissolve the Ni(OH)2(s) using H3PO2(aq), a P/Ni molar ratio of 2:1 is 
required. Therefore, if the desired phosphorous to nickel ratio is below 2.0, another source of 
nickel is required. As a result, for the hypophosphite-based precursor having P/N = 1.5, 
stoichiometric amounts of H3PO2 and Ni(OH)2 were combined in nanopure water followed by 
the addition of non-stoichiometric amounts of Ni(NO3)2•6H2O(s) to adjust the P/Ni molar ratio to 
1.5. The solution was impregnated onto the B-Al2O3 support until incipient wetness was reached. 
The mixture was then dried in a 343 K oven for 2 h. The process was repeated until all of the 
solution was impregnated onto the B-Al2O3 support, yielding a hypophosphite precursor at a 
P/Ni molar ratio of 1.5. The Ni2P/B-Al2O3 catalyst was dried in a 343 K oven for 24 h prior to 
any characterization analysis. 
 
Table 2.3. Starting material amounts for preparation of hypophosphite-based precursors (P/Ni = 
1.5) of 25 wt% Ni2P/B-Al2O3. 
B-loading (wt%) Ni(OH)2(s) Ni(NO3)2•6H2O(s) 
H3PO2 (aq) 
(50 wt% in H2O) 
B-Al2O3 
0.0    0.6250 g   1.7807 g    0.6533 g   2.009 g 
0.2 0.6248 0.6540 1.7797 2.0001 
0.4 0.1567 0.1618 0.4498 0.5002 
0.6 0.2344 0.2415 0.6688 0.7501 
0.8 0.1561 0.1679 0.4566 0.5004 
1.0 0.1567 0.1712 0.4472 0.5001 
1.2 0.1572 0.1652 0.4562 0.5055 
2.0 0.6249 0.6536 1.7793 2.004 
 
The hypophosphite-based precursors of Ni2P/B-Al2O3 catalysts were subjected to 
temperature programmed reduction (TPR) to form the final catalyst. Approximately 0.50 g of 
precursor was placed into a quartz U-tube above approximately 0.1 g of quartz wool. The 
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hypophosphite-based precursor was purged in 60 mL/min He (Airgas, 99.9999%) for 30 min at 
room temperature.  The Ni2P/B-Al2O3 precursor was then reduced in 100 mL/min H2 (Airgas, 
99.9999%) while heating from room temperature to 773 K at a rate of 5 K/min at which the 
temperature was held for 1 h. The catalyst was then cooled to room temperature, purged with 60 
mL/min He for 30 min followed by passivation in 60 mL/min 1 mol% He/O2 (Airgas, 99.9999%) 
for 2 h. (Figure 2.3). 






























Figure 2.3. Schematic for temperature programmed reductions of hypophosphite-based 
precursors. 
 
2.4 Preparation of Phosphate-Based Precursors of Ni2P/B-Al2O3 Catalysts  
The second synthesis method involved using impregnation solutions consisting of 
NH4H2PO4 and Ni(NO3) at a P/Ni molar ratio of 1.5. The mixture was impregnated onto the B-
Al2O3 support until incipient wetness was reached. The mixture was then dried in a 393 K oven 
for 2 h. The process was repeated until all of the NH4H2PO4 and Ni(NO3)2•6H2O solution was 
impregnated onto the B-Al2O3 support thereby creating the phosphate precursor. The Ni2P/B-
Al2O3 precursor was dried in a 343 K oven for 24 h prior to any characterization analysis. 
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Table 2.4. Starting material amounts for preparation of phosphate-based precursors (P/Ni = 1.5) 
of 25 wt% Ni2P/B-Al2O3. 
B-loading (wt%) Ni(NO3)2•6H2O  NH4H2PO4 B-Al2O3 
0.2   0.8486 g   0.5037 g   0.6496 g 
0.4 2.6132 1.5506 2.0000 
0.6 2.6134 1.5507 2.0000 
0.8 2.6136 1.5506 2.0000 
1.0 0.7842 0.4652 0.6001 
1.2 0.8495 0.5038 0.6501 
2.0 0.8493 0.5038 0.6503 
3.3 0.8492 0.5042 0.6508 
7.2 0.8491 0.5040 0.6525 
 
 
For the synthesis of Ni2P/B-Al2O3 catalysts from the phosphate-based precursors, the 
sample was purged in 60 mL/min He for 30 min at room temperature.  The Ni2P/B-Al2O3 
precursor was then reduced in 150 mL/min H2 while heating from room temperature to 923 K at 
a rate of 1 K/min. The catalyst was then cooled to room temperature, purged with 60 mL/min He 
for 30 min, followed by passivation in 60 mL/min 1 mol% He/O2 for 2 h.  
 
2.5 X-Ray Diffraction 
X-ray diffraction (XRD) analysis of the Ni2P/B-Al2O3 catalysts prepared in this research 
was carried out using a PANalytical X’Pert PRO MRD X-ray diffractometer. A catalyst sample 
was sprinkled onto a glass slide with a light smearing of petroleum jelly to hold the sample in 
place. The scan parameters included a Bragg angle (2θ) range of 20-90°, a step size of 0.0100°, 
and a dwell time of 7.80 s, resulting in an acquisition time of 15 h. Patterns were analyzed using 






Dc represents the average crystallite size, K represents the shape factor constant (~1), λ 
represents the X-ray wavelength (0.154056 nm), β represents the full width at half maximum 
(FWHM) of the diffraction peak (in radians) and θ represents the measured angle of diffraction. 
The X’Pert HighScore Plus software package was used for data fitting and conversion, reference 
patterns were obtained from the JCPDS powder diffraction database and crystallographic 
information files (CIFs) were acquired from the Pearson crystal database.2,3 
 
2.6. X-ray Photoelectron Spectroscopy 
X-ray photoelectron spectroscopy (XPS) was performed using a SAGE 100 X-ray 
photoelectron spectrometer. B-Al2O3 supports and Ni2P/B-Al2O3 catalysts were pressed into 
pellets (~1 cm diameter) at 10,000 psi and mounted onto copper sample plates using double-
sided adhesive tape. The sample plates were screwed onto the sample holder and placed into the 
analysis chamber. Upon insertion of the sample into the main chamber of the XPS, the vacuum 
in the chamber was 2.0x10-6 hPa (133.3 hPa = 1 Torr). Samples were left overnight to allow the 
chamber to evacuate. The instrument was operated at 12 kV and an emission current of 20 mA. 
A Mg-Kα x-ray source (1253.6 eV) was used and the base pressure in the chamber before 
analysis was 2.1x10-8 hPa; during analysis the pressure was 3.1x10-7 hPa. Table 2.5 shows the 
scan parameters for the XPS spectra of the B-Al2O3 supports and Table 2.6 shows the scan 










Table 2.5. XPS scan parameters for B-Al2O3 supports. 
Region Binding Energy Step Size Scans Constant Dwell 
Wide Scan 1053.6 – 53.61 eV 1 5 30 0.1 
C(1s) 310 – 285 0.1 20 15 1 
P(2s), B(1s) 210 – 180 0.1 40 15 1 
Al(2p), Ni(3p), P(2p) 150 – 60 0.1 40 15 1 




Table 2.6. XPS scan parameters for Ni2P/B-Al2O3 catalysts. 
Region Binding Energy Step Size Scans Constant Dwell 
Wide Scan 1053.6 – 53.61 eV 1 5 30 0.1 
C(1s) 310 – 285 0.1 20 15 1 
P(2s), B(1s) 210 – 180 0.1 40 15 1 
Al(2p), Ni(3p), P(2p) 150 – 60 0.1 40 15 1 
Ni(2p3/2) 895 – 845 0.1 40 15 1 
O(1s) 545 – 520 0.1 20 15 1 
 
After spectral acquisition was complete, the data were satellite corrected and referenced to the 
C(1s) peak at 284.6 eV to account for sample charging during analysis. 
 
2.7. Surface Area and Pore Size Analysis 
The B-Al2O3 and Ni2P/B-Al2O3 samples were analyzed on an ASAP 2020 surface area 
and porosimetry analyzer. Sample tubes were dried at 373 K prior to analysis. Approximately 0.2 
g of support or catalyst was inserted into the sample tube. The sample tube was attached to the 
degas port of the instrument and a heating mantle was attached. The sample was ramped to 523 
K at a rate of 5 K/min and held for 8 h. After the degas process was complete, the sample tube 
was removed from the degas port and weighed. The sample tube was then attached to the 
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physisorb port of the instrument and a dewar of liquid nitrogen placed on the elevator below the 
sample apparatus. Samples were analyzed by the Brunauer-Emmett-Teller (BET) and Barrett-
Joyner-Halenda (BJH) methods to quantitatively determine their microscopic surface areas and 
pore sizes respectively. For the BET analysis, N2 gas was adsorbed at relative pressures (P/Po) 
ranging from 0.0200-0.100. For the BJH analysis, N2 gas was desorbed at relative pressures 
ranging from 0.989-0.240. Data analysis took approximately 16 h to complete. 
 
2.8. Hydrodesulfurization Activity – 4,6-Dimethyldibenzothiophene 
Hydrodesulfurization (HDS) activities and selectivities were measured using a fixed bed 
flow reactor described in detail elsewhere (Figure 2.4).4  
 
Figure 2.4. Schematic of fixed bed reactor used for 4,6-DMDBT HDS measurements. 
 
For HDS analysis, the hypophosphite-based Ni2P/B-Al2O3 precursors were reduced in-
situ, whereas the phosphate-based Ni2P/B-Al2O3 precursors were reduced ex-situ. Approximately 
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0.250 g of catalyst was pressed and sieved through mesh (1.18-0.850 µm) and loaded into the 
reactor. The catalyst sample was degassed in 60 mL/min He for 0.5 h, then reduced under a 60 
mL/min H2 flow, with the temperature ramping from room temperature to 673 K for 1 h and 
soaking for 2 h. The temperature was then lowered to 548 K and the reactor was pressurized with 
H2 to 3.0 MPa. The flow of liquid solution containing 1000 ppm 4,6-DMDBT in a decalin 
solvent and 500 ppm dodecane (used as an internal standard for GC analysis) was flowed at 
0.0015 mL/s. Samples of the reactor effluent were collected and tested at 20 K increments for 
temperatures ranging from 533 to 653 K. At each temperature, the reactor was stabilized for 3 h 
and then samples were collected every 0.5 h for an additional 2 h. 
The collected reactor effluent was subjected to gas chromatography using an Agilent 
6890N gas chromatograph (GC) with a 763B auto-sampling system, a flame ionization detector 
(FID) and a HP-5 (Agilent, 5% phenyl-methylpolysiloxane) GC column. Ultra-high purity 
helium, with a split injection (39.9:1 ratio), a total flow of 108.5 mL/min, and a 3 μL injection 
volume was used. The GC procedure consisted of an initial column temperature of 398 K, a 
preliminary ramp rate of 10 K/min to 418 K with a hold time of 2 min, followed by a second 
ramp to 523 K at a ramp rate of 15 K/min with no hold time. The entire run time was 11.33 min. 
The GC inlet and detector temperatures were maintained at 523 and 533 K, respectively, 
throughout the analysis. 
 
2.9. Fourier Transform Infrared Spectroscopy 
 Fourier transform infrared (FTIR) spectroscopy was carried out using a Mattson Research 
Series FTIR spectrometer outfitted with a narrow-band mercury-cadmium telluride (MCT) 
detector collecting data over the range 4000-400 cm-1 with a 2 cm-1 resolution. A sample holder 
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was constructed by wrapping 2 mm wide shimstock around 1.6 mm nickel wire mesh, (this was 
done on two opposite sides of the mesh). A chromel/alumel type K thermocouple was spot-
welded to the top of the nickel wire mesh to allow for temperature control upon insertion into the 
vacuum chamber (Figure 2.5). 
 
Figure 2.5. Sample holder for FTIR analysis. 
 
Backgrounds were acquired under vacuum and at CO pressures of 1, 5, 10, 15, 25, and 50 Torr to 
remove interference from the CO gas and the nickel wire mesh. All background spectra were 
subtracted from the sample spectra automatically.  
 Samples of the B-Al2O3 supports were prepared by sprinkling ~10 mg of finely ground 
support on the nickel wire mesh, in a 1 cm diameter surface area. The nickel wire mesh sample 
holder was pressed at 12,000 psi to adhere the sample to the nickel wire mesh. The pressed 
sample was then attached to a sample holder and inserted into an ion-pumped vacuum chamber. 
The chamber was evacuated to below 4.0 x 10-8 Torr before spectral analysis was performed. 
 The MCT detector was cooled with LN2 before spectra were acquired. The B-Al2O3 
supports were degassed at 475, 575, and 775 K for 1 h at each temperature while at a chamber 







below 6x10-8 Torr followed by taking a spectral scan. Following the completion of each degas, 
CO adsorption was carried out. A pentane slurry was placed under the input CO gas tubing to 
create a cold trap. CO was introduced to the B-Al2O3 support surface at pressures of 1, 5, 10, 15, 
25, and 50 Torr CO. After the CO pressure stabilized, a spectral scan was taken. After the final 
CO pressure was applied, CO was evacuated from the chamber and the sample was brought 
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3.1. B-Al2O3 Supports 
3.1.1. X-ray Photoelectric Spectroscopy of B-Al2O3 Supports 
XPS analysis of the B-Al2O3 supports revealed peaks in the B(1s) and Al(2p) regions 
(Figure 3.1) as well as for oxygen and carbon.  


















































































Binding Energy (eV)  
Figure 3.1. XPS spectra in the B(1s) and Al(2p) regions for B-Al2O3 supports with increasing B-
loadings. 
 
As the B-loading increased, the B(1s) peak area increased. The Al(2p) peak area 
remained fairly constant with increasing B-loading. The binding energy for the Al(2p) peak 
varied slightly with B-loading, with most values in the range of 73.4-73.7 eV. Literature values 
for Al having an +3 oxidation state lie in the range 74.1-74.6 eV.1  The same held true for the 
binding energies of the B(1s) peak, which ranged from 191.4-192.1 eV. According to the 
literature values, the binding energy of B having an +3 oxidation state ranges from 192.0-193.7 
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eV.1 XPS was used to measure the surface composition of the B-Al2O3 supports, enabling 
determination of the B-loading corresponding to monolayer coverage of B2O3 on the Al2O3. The 
B(1s)/Al(2p) peak area ratios are listed in Table 3.1 and plotted as a function of the B-loading in 
Figure 3.2.  
 
Table 3.1. B(1s)/Al(2p) peak area ratios vs B-loading of B-Al2O3 supports. 
B-loading (wt%) B(1s)/Al(2p) B-loading (wt%) B(1s)/Al(2p) 
0.0 0.0000 1.0 0.06871 
0.2 0.02903 1.2 0.11342 
0.4 0.03607 2.0 0.17711 
0.6 0.06893 3.3 0.28053 




Figure 3.2. B(1s)/Al(2p) peak area for B-Al2O3 supports vs B-loading. 
 






























The growth of the B2O3 overlayer on Al2O3 is expected to follow one of the three growth 
models: Frank-Van der Merwe growth, Stranski-Krastanov growth, or Volmer-Weber growth 
(Figure 3.3).  
 
Figure 3.3. Potential growth models for B2O3 monolayer formation on Al2O3.
2, 3 
 
The Frank-Van der Merwe model indicates layer-by-layer growth. The Stranski-
Krastanov model indicates an initial monolayer formation followed by the growth of three-
dimensional B2O3 structures. The Volmer-Weber model indicates the formation of 3-dimensional 
structures on the surface from the outset with no monolayer formation. The distinct break in 
slope in the plot of the B(1s)/Al(2p) peak area (Figure 3.2) corresponds to the Stranksi-
Krastanov model. The distinct break in slope indicates that a monolayer of B2O3 formed on the 
Al2O3 support surface. 
Using the surface area of γ-Al2O3
 (182 m2/g) found in Table 3.2, and the molecular cross-
sectional area of B2O3 (0.17 nm
2/molecule)4 the amount of boron corresponding to B2O3 
monolayer formation was calculated. Table 3.2 shows the fractional B2O3 coverage at increasing 
B-loadings.  
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0.2 0.0506 2.0 0.4783 
0.4 0.1005 2.35 0.7833 
0.6 0.1499 3.3 0.9250 
0.8 0.1985 4.3 1.0000 
1.0 0.2466 5.0 1.1461 
1.2 0.2941 7.20 1.5814 
 
 It was determined that a B-loading of 4.3 wt% corresponds to a theoretical monolayer 
coverage of B2O3 on the Al2O3 support. At B-loadings larger than 4.3 wt% it has been theorized 
that the B2O3 will grow via the Stranski-Krastanov model creating irregular B2O3 structures on 
the Al2O3 support.  
 
3.1.2. Surface Area and Pore Size Analysis of B-Al2O3 Supports 
 The B-Al2O3 supports were analyzed to determine their BET surface areas and average 
BJH pore sizes. Figure 3.4 shows, that there is no trend between the addition of B and the BET 
surface area or average BJH pore size of the Al2O3 support. 
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Figure 3.4. Surface area (m2/g) and average pore size (nm) of B-Al2O3 supports at increasing B-
loading. 
 
Table  3.3 lists the values obtained from the surface area and pore size analyses and indicates that 
the surface area was in the range 162-194 m2/g while the average pore size remained between 
6.5-10.4 nm, with the largest pore size occuring for the 0.4B-Al2O3 support. 
 
Table 3.3. BET surface areas and average BJH pore sizes for B-Al2O3 supports. 
B-loading (wt%) Surface Area (m2/g) Pore Size (nm) 
0.0 182 6.5 
0.2 186 9.5 
0.4 176 10.4 
0.6 179 10.3 
0.8 182 10.3 
1.0 178 10.1 
1.2 188 9.9 
2. 
1.6 188 9.6 
2.0 186 10.0 
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3.1.3. Fourier Transform Infrared Spectroscopy of B-Al2O3 Supports 
FTIR spectra were collected for 0, 0.6, 1.0, and 2.0 B-Al2O3 supports over the spectral 
range 4000-600 cm-1. The B-Al2O3 samples were annealed at 475, 575, and 775 K and a spectral 
scan was collected after each anneal. Figure 3.5 shows the hydroxyl region for γ-Al2O3
 after each 
as well as after CO was desorbed from the pure Al2O3 support.  




















Figure 3.5. IR spectra in the hydroxyl region of γ-Al2O3 support after annealing at various 
temperatures in vacuum. 
 
The spectral intensity in the νOH region decreased with increasing anneal temperature, and 
no peak shifting occurred. Four evident peaks resulted from annealing the Al2O3 support. The 
highest wavenumber peak (3769 cm-1) corresponds to the most basic hydroxyl groups. The 3730 
cm-1 peak corresponds to basic hydroxyl groups, the 3674 cm-1 peak corresponds to acidic 
hydroxyl groups, and the 3584 cm-1 peak corresponds to hydrogen-bonded hydroxyl groups.5 
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Figure 3.6 shows a schematic of the surface hydroxyl groups on pure Al2O3 correlating to their 
wavenumber range.6 
 
Figure 3.6. Surface hydroxyl groups on a γ-Al2O3 support.
6 
 
A hydroxyl group bonded to a single Al site is acidic, thereby increasing the acidity of 
the Al2O3 support. A hydroxyl group bonded to two Al atoms are also acidic. However, when a 
hydroxyl group binds to three Al atoms, this is a basic interaction which increases the basicity of 
the Al2O3 support. The hydroxyl groups that form bridged hydroxyl bonds with each other 
(hydrogen bonding) increase the stability of the Al2O3 support. These interactions are the first to 
break with increasing temperatures resulting in the formation of acidic hydroxyl interactions with 
the Al2O3 support. With the addition of B (up to 2.0 wt%) to the Al2O3 support, the number of 
hydroxyl peaks changes from four distinct peaks to one single peak.5,7 Figure 3.7 shows the 
hydroxyl region after at increasing B-loadings after annealing at 775 K in vacuum. 
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Figure 3.7. IR spectra in the hydroxyl region for B-Al2O3 supports after anneals at 775 K. 
 
The formation of the peak at 3693 cm-1 with B2O3 layer growth indicates that the 
hydroxyl groups are bonded to the B-Al2O3 in a different manner then for pure Al2O3. Figure 3.8 




Figure 3.8. Possible hydroxyl bonding sites with the addition of B to Al2O3 support.
8,9 
 
The highest wavenumber peak (3774 cm-1) in the νOH region of γ-Al2O3 corresponds to 
the most basic hydroxyl groups, where the hydroxyl group is directly bound to a single Al site. 
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This peak is not present in the 2.0B-Al2O3 support due to the reaction of impregnated H3BO3 
with these OH groups. The 3732 cm-1 peak also corresponds to basic hydroxyl groups where the 
hydroxyl group is bridged between two Al atoms. This peak is also not observed for the 2.0B-
Al2O3 support. The new peak at 3693 cm
-1 for the 2.0B-Al2O3 support corresponds to the 
hydroxyl group directly bonded to the surface B2O3.
10 The 3589 cm-1 peak corresponds to 
hydrogen-bonded hydroxyl groups and is not present in higher B-loading supports. With 
increasing temperature, the basic hydroxyl groups bonded directly to the alumina (3776 cm-1) are 
removed first (Figure 3.9). 





















Figure 3.9. IR spectra in the hydroxyl region of a 0.6B-Al2O3 support after annealing at 
increasing temperatures in vacuum. 
 
 CO was adsorbed to the B-Al2O3 supports having different B-loadings. Figure 3.10 shows 
that with increasing CO pressure, there is a shift of the νCO absorbance peak from 2206 cm
-1 to 
2200 cm-1 for pure ɤ-Al2O3. 
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Figure 3.10. IR spectra of adsorbed CO on ɤ-Al2O3 at increasing CO pressures after annealing at 
775 K in vacuum. 
 

































Figure 3.11. The νBO region of B-Al2O3 supports after 775 K anneal at increasing B-loadings in 
vacuum. 
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 Figure 3.11 compares the νBO region for B-Al2O3 supports having different B-loadings 
after annealing at 775 K. At lower B-loadings (0.6-1.0 wt%), two evident peaks were observed at 
1374 and 1211 cm-1, corresponding to oxygen bonded to the boron on the B-Al2O3 supports.
11 At 
0 wt% B-loading no peaks were observed which was to be expected. When the B-loading was 
increased to 2.0 wt%, only a single broad peak was observed. This is due to passing monolayer 
coverage and forming three-dimensional B structures on the Al2O3 support. Plotting νBO over the 
region 1650-1050 cm-1 peak area vs. B-loading resulted in a linear trend (Figure 3.12). 














B-Loading (wt%)  
Figure 3.12. vBO peak area of B-Al2O3 supports vs. B-loading (wt%) after 775 K anneal in 
vacuum. 
 
 The IR spectra of adsorbed CO on the B-Al2O3 supports (PCO = 5.0 Torr) are shown in 
Figure  3.13. 
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Figure 3.13. IR spectra of adsorbed CO on B-Al2O3 supports at increasing B-loading at PCO = 
5.0 Torr after annealing at 775 K in vacuum. 
 
 The νCO absorbance (PCO = 5.0 Torr) for the B-Al2O3 supports shifts from 2203 cm
-1 for 
pure Al2O3 to 2213 cm
-1 for 2.0B-Al2O3. With increasing B-loading, the intensity of the νCO 
absorbance increases, except for the 2.0B-Al2O3 support. The peak shift of the νCO absorbance 
correlates to the increased acidity of the support caused by the surface B2O3 layer on the Al2O3 
support.10,5 
 
3.2. Ni2P/B-Al2O3 Catalysts 
3.2.1. X-Ray Diffraction of Ni2P/B-Al2O3 Catalysts 
 X-ray diffraction patterns were acquired of the Ni2P/B-Al2O3 catalysts and compared 
with reference patterns for Al2O3, Ni2P, Ni5P4, and Ni12P5.
12,13 By comparing the XRD patterns 
with the reference patterns, the Ni2P/B-Al2O3 catalysts contained either phase pure Ni2P or a 
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mixture of Ni5P4 and Ni2P. As shown in Figure 3.14, as the B-loading increased so did the Ni2P 
phase contribution. 




























































Figure 3.14. XRD patterns of hypophosphite-based Ni2P/B-Al2O3 catalysts (P/Ni = 2.0) with 
increased B-loading reduced at 773 K. 





The Ni2P peak Bragg angle (2θ) of 40.7 was the peak used for the average crystallite size 










Table 3.4. Average crystallite sizes of hypophosphite-based Ni2P/B-Al2O3 catalysts (P/Ni = 2.0) 
at increasing B-loading. 
B-loading (wt%) Crystallite Size (nm) Observed Phases 
0.0 - Ni5P4 
0.2 ~ 4 Ni5P4 
0.4 ~ 4 Ni2P  
0.6 ~ 14 Ni2P 
0.8 ~ 5 Ni2P 
1.0 ~ 6 Ni2P 
1.2 ~ 18 Ni5P4 
 
The 0.6B-Al2O3 catalyst was remade and reanalyzed which confirmed the large Ni2P crystallite 
size (Figure 3.15). For catalyst prepared at 0.0, 0.2, and 1.2 wt% B-loading, a Ni5P4 phase was 
observed rather than the desired Ni2P phase.  


















Figure 3.15. XRD patterns of hypophosphite-based Ni2P/0.6B-Al2O3 catalysts (P/Ni = 2.0) 
reduced at 773 K.  
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For the hypophosphite-based Ni2P/B-Al2O3 catalysts prepared from precursors having a 
P/Ni molar ratio of 1.5, the Ni phosphide phases included Ni5P4, Ni2P, and Ni12P5. As shown in 
Figure 3.16, as B-loading increased so did the Ni2P phase contribution.  





























































Figure 3.16. XRD patterns of hypophosphite-based Ni2P/B-Al2O3 catalysts (P/Ni=1.5) with 
increasing B-loading reduced at 773 K. 
 
Table 3.5. Average crystallite sizes of hypophosphite-based Ni2P/B-Al2O3 catalysts (P/Ni = 1.5) 
at increasing B-loading. 
B-loading (wt%) Crystallite Size (nm) Observed Phase 
0.2 ~ 6 Ni2P 
0.4 ~ 5 Ni2P 
0.6 ~ 6 Ni2P 
0.8 ~ 5 Ni2P 
1.0 ~ 7 Ni2P  
1.2 ~ 5 Ni2P 
2.0 ~ 4 Ni2P 
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The Ni2P crystallite sizes are listed in Table 3.5. When comparing the hypophosphite-
based Ni2P/B-Al2O3 catalysts at the P/Ni molar ratios of 1.5 and 2.0, the catalysts prepared at the 
lower P/Ni molar ratio had smaller Ni2P crystallite sizes. This is observed for the Ni2P/0.6B-
Al2O3 catalyst, for which there was a 12 nm decrease in Ni2P crystallite size. For other catalysts, 
the difference in crystallite sizes was less significant.  
A series of hypophosphite-based Ni2P/0.6B-Al2O3 catalysts was synthesized at P/Ni 
molar ratios of 1.0, 1.25, 1.50, and 2.0 Ni2P; the XRD patterns for these catalysts are shown in 
Figure 3.17. 

























Figure 3.17. XRD patterns of hypophosphite-based Ni2P/0.6B-Al2O3 catalysts prepared with 
increasing P/Ni molar ratios and reduced at 773 K. 
 
The average Ni2P crystallite sizes for this series of Ni2P/0.6B-Al2O3 catalysts are listed in Table 
3.6. 
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Table 3.6. Average crystallite sizes of hypophosphite-based Ni2P/0.6B-Al2O3 catalysts at 
increasing P/Ni molar ratios. 
P/Ni Crystallite Size (nm) Observed Phases 
1.00 ≤ 5 Ni12P5 
1.25 ≤ 5 Ni2P 
1.50 ~ 6 Ni2P 
2.00 ~ 14 Ni2P 
 
For P/Ni molar ratios of 1.0 and 1.25, a significant Ni12P5 contribution was observed. Phosphate-
based Ni2P/B-Al2O3 catalysts prepared at a P/Ni molar ratio of 1.5 were analyzed to determine 
phase purity and average crystallite sizes. The XRD patterns for this series of catalyts are shown 
in Figure 3.18.  






















































Figure 3.18. XRD patterns of phosphate-based Ni2P/B-Al2O3 catalysts (P/Ni = 1.5) with 
increasing B-loadings reduced at 923 K. 
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At low B-loadings, the phosphate-based Ni2P/B-Al2O3 catalysts consisted pirmarily of 
Ni12P5, while at higher B-loadings the catalysts contained phase-pure Ni2P. Crystallite sizes for 
the phosphate-based catalysts were determined and are listed in Table 3.7. 
 
Table 3.7. Average crystallite sizes of phosphate-based Ni2P/B-Al2O3 catalysts (P/Ni = 1.5) at 
increasing B-loadings. 
B-loading (wt%) Crystallite Size (nm) Observed Phases 
0.0 ~ 16 Ni12P5 
0.2 ~ 16 Ni2P 
0.4 ~ 15 Ni2P 
0.6 ~ 18 Ni2P 
0.8 ~ 19 Ni2P 
1.2 ~ 12 Ni2P 
2.0 ~ 13 Ni2P 
 
 
3.2.2. X-ray Photoelectric Spectroscopy of Ni2P/B-Al2O3 Catalysts 
XPS measurements were carried out for the hypophosphite-based Ni2P/B-Al2O3 catalysts 
prepared at a P/Ni molar ratio of 2.0. The binding energies in the Ni(2p3/2) region ranged from 
852.9-857.2 eV and binding energies in the P(2p) region ranged from 128.4-134.1 eV (Figure 
3.19).  
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Figure 3.19. XPS spectra in the Ni(2p3/2) and P(2p) regions of hypophosphite-based Ni2P/B-
Al2O3 catalysts (P/Ni = 2.0) with increasing B-loadings. 
 
The peak in the Ni(2p3/2) region at 856.4-857.2 eV is assigned to Ni
2+ species and the 
peak at 852.9-853.5 eV is assigned to Ni0 species.1 Overall, there was no apparent trend between 
B-loading and which Ni species was present in the hypophosphite-based Ni2P/B-Al2O3 catalysts. 
Due to the B(1s) peak and P(2s) peak having similar binding energies, it was not possible to 
construct a graph of B(1s)/P(2s) or B(1s)/P(2p) peak areas. The P(2s) binding energies for 
phosphorous oxides (P2O5, P4O10) is 192.80-193.05 eV, which overlaps with the B(1s) binding 
energy of 192.0-193.7 eV for B2O3.
1 This was confirmed by analyzing the spectrum for a 
hypophosphite-based 25 wt% Ni2P/Al2O3 catalyst (P/N = 1.5) for which a peak was observed at 
the same binding energy as the B(1s) peak (191.4 eV). It is clear, therefore, that for Ni2P/B-
Al2O3 catalysts, it is not possible to distinguish between B(1s) and P(2s) peaks for the 
determination of peak areas. 
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By comparing the P(2p) and Al(2p) peak areas of hypophosphite-based Ni2P/B-Al2O3 
catalysts at a P/Ni molar ratio of 2.0, a linear trend occurs with increasing B-loading (Figure 
3.20).  



























Figure 3.20. P(2p)/Al(2p) XPS peak areas of hypophosphite-based Ni2P/B-Al2O3 catalysts (P/Ni 
= 2.0) with increasing B-loadings. 
 
The P(2p)/Al(2p) peak area ratio exhibits a decreasing linear trend with increasing B-
loading. This is due to the influence of the B2O3 layer on the P and Al2O3 support interactions. 
The layer of B2O3 on the Al2O3 support acts as a barrier, therefore, less P can interact with the 
Al2O3 surface. As shown in Figure 3.21, when the Ni(2p3/2)/Al(2p) peak area ratio is plotted vs. 
B-loading, a negative sloped trend is observed.  
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Figure 3.21. Ni(2p3/2)/Al(2p) XPS peak areas of hypophosphite-based Ni2P/B-Al2O3 catalysts 
(P/Ni = 2.0) with increasing B-loading. 
 
There is a distinct break in the slope at a loading of 0.4 wt% B. This negative slope is the result 
of larger Ni2P crystallite particles being deposited on the Al2O3 support surface. As with the 
P(2p), the B2O3 layer inhibits the Ni interaction with the Al2O3 support, resulting in less Ni 
migration into the Al2O3 support. As shown in Figure 3.22, when the P(2p)/Ni(2p3/2) peak area 
ratio is plotted vs. B-loading, an increasing linear trend is observed. 
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Figure 3.22. P(2p)/Ni(2p3/2) XPS peak areas hypophosphite-based Ni2P/B-Al2O3 catalysts (P/Ni 
= 2.0) with increasing B-loading. 
 
This suggests that the migration of P into the Al2O3 support is inhibited with increasing B-
loading, making more P available for Ni2P formation. 
XPS measurements were carried out for the hypophosphite-based Ni2P/B-Al2O3 catalysts 
prepared at a P/Ni molar ratio of 1.5 (Figure 3.23). The peak at 856.7 eV corresponds to Ni2+ 
species and the peak at 853.7 eV corresponds to Ni0 species. Overall, there was no apparent trend 
between B-loading and which Ni species was present in the hypophosphite-based Ni2P/B-Al2O3 
catalysts.  
XPS measurements were carried out for the phosphate-based Ni2P/B-Al2O3 catalysts 
prepared at a P/Ni molar ratio of 1.5 (Figure 3.24). 
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Figure 3.23. XPS spectra in the Ni(2p3/2) and P(2p) regions of hypophosphite-based Ni2P/B-
Al2O3 catalysts (P/Ni = 1.5) with increasing B-loadings. 
 



























Binding Energy (eV)  
Figure 3.24. XPS spectra in the Ni(2p3/2) and P(2p) regions of phosphate-based Ni2P/B-Al2O3 
catalysts (P/Ni = 1.5) with increasing B-loadings. 
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For the phosphate-based Ni2P/B-Al2O3 catalysts, the peak at 856.0 eV corresponds to Ni
2+ 
species and the peak at 852.4 eV corresponds to Ni0 species. Similar to the hypophosphite-based 




3.2.3. Surface Area and Pore Size Analysis of Ni2P/B-Al2O3 Catalysts 
 Ni2P/B-Al2O3 catalysts prepared from hypophosphite-based precursors at a P/Ni molar 
ratio of 2.0 ratio were analyzed to determine BET surface areas and BJH pore sizes. The data 
plotted in Figure 3.25 indicate a weak inverse relationship between surface area and pore size.  
















































Figure 3.25. BET surface areas (m2/g) and average BJH pore sizes (nm) of hypophosphite-based 
Ni2P/B-Al2O3 catalysts (P/Ni = 2.0). 
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In general, the BET surface areas exhibit a decreasing trend with increasing B-loading. The 
average BJH pore sizes show a slight positive trend with increased B-loading, with the pore sizes 
in the range of 6.4-8.9 nm (Table 3.8). 
 
Table 3.8. BET surface areas and average BJH pore sizes for hypophosphite-based Ni2P/B-
Al2O3 catalysts ( P/Ni = 2.0). 
B-loading (wt%) Surface Area (m2/g) Pore Size (nm) 
0.0 97 7.0 
0.2 58 8.4 
0.4 98 6.4 
0.6 70 8.7 
0.8 80 6.6 
1.0 73 8.9 
  
 Ni2P/B-Al2O3 catalysts prepared from hypophosphite-based precursors at a P/Ni molar 
ratio of 1.5 ratio were analyzed to determine BET surface areas and BJH pore sizes. Figure 3.26 
indicates a weak inverse relationship between surface area and pore size at a lower P/Ni molar 
ratio. 
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Figure 3.26. BET surface areas (m2/g) and average BJH pore sizes (nm) of hypophosphite-based 
Ni2P/B-Al2O3 catalysts (P/Ni = 1.5). 
 
 In general, the BET surface areas exhibit an increasing trend with increasing B-loading. 
The average BJH pore sizes show a slight decreasing trend with increased B-loading, with the 
pore sizes in the range of 5.8-8.7 nm (Table 3.9). 
 
Table 3.9. BET surface areas and average BJH pore sizes for hypophosphite-based Ni2P/B-
Al2O3 catalysts (P/Ni = 1.5). 
B-loading (wt%) Surface Area (m2/g) Pore Size (nm) 
0.0 80 8.7 
0.2 114 (to be measured) 
0.8 117 5.8 
1.2 82 8.0 
2.0 105 7.6 
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 There is no trend when comparing BET surface areas and BJH pore sizes for the 
hypophosphite-based Ni2P/B-Al2O3 catalysts at the different P/Ni molar ratios.  
 
3.2.4. CO Chemi adsorption Analysis of Ni2P/B-Al2O3 Catalysts 
 Ni2P/B-Al2O3 catalysts were probed using CO chemi adsorption to determine the number 
of active sites on the catalyst. Due to CO only adsorbing to the active sites of the catalyst, the 
amount of CO adsorbed is directly proportional to the number of active sites on the catalyst. The 
CO adsorption of the hypophosphite-based Ni2P/B-Al2O3 catalysts is shown in Figure 3.27. 





























Figure 3.27. CO Chemisorption capacities of hypophosphite-based Ni2P/B-Al2O3 catalysts (P/Ni 
= 1.5). 
 
The hypophosphite-based Ni2P/B-Al2O3 catalysts exhibited a large positive linear trend with the 
addition of B to the Al2O3 support. This suggests that the catalysts will become more active at 
sulfur removal at higher B-loading. 
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Table 3.10. CO Chemisorption capacities of hypophosphite-based Ni2P/B-Al2O3 catalysts (P/Ni 
= 1.5). 
B-loading (wt%) CO Chemisorption capacities (μ mol/g) 
0.0 64 







The phosphate-based Ni2P/B-Al2O3 catalysts were analyzed using CO adsorption to determine 
the number of active sites present (Figure 3.28). 
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A slight positive linear trend occurred for the phosphate-based Ni2P/B-Al2O3 catalysts with 
increasing B-loading again suggesting that the catalysts will be more active at removing sulfur at 
higher B-loading. 
 
Table 3.11. CO Chemisorption capacities of phosphate-based Ni2P/B-Al2O3 catalysts (P/Ni 1.5). 






 Comparing the CO adsorption capacities for both the hypophosphite- and phosphate-
based Ni2P/B-Al2O3 catalysts suggests that the hypophosphite-based catalysts will be more 
active at sulfur removal then their corresponding phosphate-based catalysts. 
 
3.2.5. Hydrodesulfurization Activity and Selectivity of Ni2P/B-Al2O3 Catalysts 
 For HDS activity measurements, hypophosphite-based Ni2P/B-Al2O3 catalysts were 
reduced in-situ at 673 K while the phosphate precursor catalysts were reduced ex-situ at 650 K. 
The reactor feed consisted of 4,6-DMDBT (1000 ppm) in a decane/p-xylene solvent mixture, 
which simulated a crude oil fraction. The 4,6-DMDBT HDS conversions for hypophosphite-
based Ni2P/B-Al2O3 catalysts reduced in-situ at 673 K at P/Ni = 1.5 are plotted as a function of 
temperature in Figure 3.29. The 4,6-DMDBT HDS conversions for phosphate-based Ni2P/B-








































Figure 3.29. 4,6-DMDBT HDS conversion vs. temperature for hypophosphite-based Ni2P/B-
Al2O3 catalysts (P/Ni = 1.5). The hypophosphite-based precursors were reduced in-situ at 673 K.  
 

































Figure 3.30. 4,6-DMDBT HDS conversions vs. temperature for phosphate-based Ni2P/B-Al2O3 
catalysts (P/Ni = 1.5). The passivated, phosphate-based Ni2P/B-Al2O3 catalysts were reduced in 
the reactor at 650 K.  
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All phosphate-based Ni2P/B-Al2O3 catalysts showed an increase in 4,6-DMDBT HDS 
conversion with increasing temperature. At each temperature, the hypophosphite-based Ni2P/B-
Al2O3 catalysts had higher 4,6-DMDBT HDS conversions than the phosphate-based Ni2P/B-
Al2O3 catalysts. Comparing the 4,6-DMDPT HDS conversion at 573 K of both 
hypophosphorous- and phosphate-based Ni2P/B-Al2O3 catalysts at various B-loadings, showed 
that the hypophosphite-based catalysts had higher HDS conversions (Figure 3.31).  




























Figure 3.31. Average 4,6-DMDPT HDS conversions at 573 K for hypophosphite- and 
phosphate-based Ni2P/B-Al2O3 catalysts (P/Ni = 1.5). 
 
The 4,6-DMDBT HDS conversions at 573 K are listed in (Table 3.12). For the 
hypophosphite-based Ni2P/B-Al2O3 catalysts, the 0.8 wt% B-loading catalysts had the highest 
4,6-DMDBT HDS conversion at 573 K. For the phosphate-based Ni2P/B-Al2O3 catalysts, the 1.2 
wt% B-loading catalyst had the highest 4,6-DMDBT HDS conversion at 573 K.  
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Table 3.12. 4,6-DMDBT HDS conversions of hypophosphite- and phosphate-based Ni2P/B-
Al2O3 catalysts (p/Ni = 1.5) at 573 K. 















2.0 28.2 23.7 
 
The optimal B-loading (1.2 wt%) for the hypophosphite-based catalyst was compared 
against a hypophosphite-based 0 wt% B loading catalyst and an industry sulfided Ni-Mo/Al2O3 
catalyst (Figure 3.32). 












































Figure 3.32. 4,6-DMDBT HDS conversions vs. temperature for hypophosphite-based Ni2P/B-
Al2O3 catalysts (P/Ni = 1.5) and a commercial sulfided Ni-Mo/Al2O3 catalyst. The 
hypophosphite-based precursors were reduced in-situ at 673 K.  
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The 0 wt% B hypophosphite-based catalyst had very similar 4,6-DMDBT HDS conversion as the 
industry sulfided Ni-Mo/Al2O3 catalyst. The optimal 1.2 wt% B hypophophite-based catalyst had 
significantly higher 4,6-DMDBT HDS conversion than both the 0 wt% hypophosphite-based 
catalyst and the industry Ni-Mo/Al2O3 catalyst. 
The same trend occurred for the phosphate-based Ni2P/1.2B-Al2O3 catalyst, which had 
higher conversion rates than the phosphate-based Ni2P/Al2O3 catalyst and the industry sulfided 
Ni-Mo/Al2O3 catalyst (Figure 3.33). 












































Figure 3.33. 4,6-DMDBT HDS conversions vs. temperature for phosphate-based Ni2P/B-Al2O3 
catalysts (P/Ni = 1.5) and a commercial sulfided Ni-Mo/Al2O3 catalyst. The passivated, 
phosphate-based Ni2P/B-Al2O3 catalysts were reduced ex-situ at 650 K.  
 
Comparing the phosphate-based catalyst at optimal B-loading against an industry catalyst 
supports the conclusion that adding an optimal amount of B to an Al2O3 support increases HDS 
conversion over the temperature range 533 - 593 K. The 4,6-DMDBT HDS reaction occurs via 
two reaction pathways; 1) the direct desulfurization (DDS) pathway and 2) the hydrogenation 
(HYD) pathway (Figure 3.34). 
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Figure 3.34. Reaction network for the HDS of 4,6-DMDPT. 
 
DDS is the transformation of 4,6-DMDBT directly into 3,3’-DMBP by hydrogenating the 
C-S bond. HYD first hydrogenates 4,6-DMDBT forming TH-4,6-DMDBT, HH-4,6-DMDBT or 
DH-4,6-DMDBT followed by hydrogenating the C-S bond to yield either 3,3’-DMCHB or 3,3’-
DMBCH. The product selectivity for 4,6-DMDBT HDS over the hypophosphite-based Ni2P/B-
Al2O3 catalysts exhibited a stronger preference for 3,3’-DMCHB at 573 K (Figure 3.35). 

































Figure 3.35. 4,6-DMDBT HDS selectivities of hypophosphite-based Ni2P/B-Al2O3 catalysts 
(P/Ni = 1.5) at 573 K. 
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The high selectivity for 3,3’-DMCHB indicates that 4,6-DMDBT HDS over Ni2P/Al2O3 
catalysts proceeds via the HYD pathway. The product selectivity for 4,6-DMDBT HDS over the 
phosphate-based Ni2P/B-Al2O3 catalysts showed no overall trend, but the most active phosphate-
based catalyst (1.2 wt% B) exhibited high selectivity for 3,3’-DMCHB (Figure 3.36). 
































T = 573 K
 
Figure 3.36. 4,6-DMDBT HDS selectivities of phosphate-based Ni2P/B-Al2O3 catalysts (P/Ni = 
1.5) at 573 K. 
 
In comparing the selectivities of the hypophosphite and phosphate-based Ni2P/Al2O3 and 
Ni2P/1.2B-Al2O3 catalysts with the Ni-Mo/Al2O3 catalyst, it is apparent that with the addition of 
a B2O3 layer to the Al2O3 support, the product selectivity trends towards the HYD products. In 




























































Figure 3.37. 4,6-DMDBT HDS selectivity for a commercial Ni-Mo/Al2O3 catalyst as well as 
hypophosphite-based Ni2P/Al2O3 and Ni2P/0.8B-Al2O3 catalysts and phosphate-based 
Ni2P/1.2B-Al2O3 catalyst. 
 
Although DDS requires less hydrogen for sulfur removal, HYD is the faster mechanism. 
Comparing this industry catalyst to both phosphorous sourced Ni2P/Al2O3 catalysts at 0 and 0.8 
wt% B, it is seen that the 0.8 wt% B from a hypophosphorous source results in the highest 4,6-
DMDPT HDS conversion (Figure 3.38). 
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Figure 3.38. 4,6-DMDBT HDS selectivity for a commercial Ni-Mo/Al2O3 catalyst as well as 
hypophosphite-based Ni2P/Al2O3 and Ni2P/0.8B-Al2O3 catalysts and phosphate-based 
Ni2P/Al2O3 and Ni2P/1.2B-Al2O3 catalysts. 
 
These results indicate that the addition of B to the Al2O3 support has a positive effect on 
sulfur removal via HDS conversion, especially through the HYD mechanism. The optimal B-
loading occurs at the highest 4,6-DMDPT HDS conversion which for hypophosphate-based 
catalysts is 0.8 wt% B and for phosphate-based catalysts is 1.2 wt% B. These optimal B-loadings 
correspond to significantly less than monolayer B2O3 coverage. It is predicted that this is due to 
the fact that adding a small amount of boron increases both the Brønsted and Lewis acidity of the 
Al2O3 support enough to mitigate the interactions between the impregnated P and the Al2O3 
support. Inhibiting the migration of P into the Al2O3 support allows for the formation of Ni2P and 
keeps the support at Al2O3. Without the B present on the Al2O3 support, the nickel-phosphide 
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This thesis research project focused on the effects of boron addition to a γ-Al2O3 support 
on the hydrotreating properties of Ni2P/B-Al2O3 catalysts. Two series of Ni2P/B-Al2O3 catalysts 
were synthesized at varying B-loadings using two different sources of phosphorous 
(hypophosphite and phosphate) in the precursors. Both the B-Al2O3 supports and the Ni2P/B-
Al2O3 catalysts were subjected to surface chemical analysis in order to determine the following 
properties: 1) the effect of B-addition on the acidity of the support, 2) the B-loading 
corresponding to B2O3 monolayer formation, 3) the effect of boron addition the interactions 
between the Al2O3 support and the active nickel phosphide phase, and 4) the effect of B addition 
on the HDS properties of Ni2P/B-Al2O3 catalysts.  
Through XPS and FTIR spectral analysis it was determined that a monolayer of B2O3 
formed on the Al2O3 support at 4-5 wt% B-loading. Further calculations were performed using 
the molecular cross-sectional area of B2O3 (0.17 nm
2/molecule) and the surface area of γ-Al2O3 
to determine that a monolayer of B2O3 forms at a loading of 4.3 wt% B, in good agreement with 
the experimentally determined XPS. FTIR spectral analysis determined that for pure γ-Al2O3, the 
most basic hydroxyl groups are removed first with heating. Furthermore, this technique showed 
that with the addition of B to the Al2O3 support, new hydroxyl groups are bound to the surface 
B2O3 in addition to Al sites of the support. After annealing the B-loaded Al2O3 supports only a 
single vCO peak remained at 3693 cm
-1, indicating that the support increased in acidity. 
Using X-ray Diffraction, nickel phosphide crystallite sizes were calculated for the 
hypophosphite- and phosphate-based Ni2P/B-Al2O3 catalysts. The hypophosphite-based Ni2P/B-
Al2O3 catalysts had significantly smaller crystallite sizes than the phosphate-based Ni2P/B-Al2O3 
catalysts and consisted of pure Ni2P at all B-loadings. The phosphate-based Ni2P/B-Al2O3 
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catalyst consisted of Ni12P5 without the addition of B; however, once B was added to the Al2O3 
support phase pure Ni2P was observed. The formation of phase pure Ni2P catalysts indicates a 
weakening of the Ni and P in the catalyst precursors with the B-Al2O3 supports. The B2O3 layer 
inhibits strong interactions between the active Ni2P phase and the Al2O3 support, enabling 
optimization of the HDS properties of the catalysts. 
To probe the active sites on the catalysts, CO chemisorption measurements were 
performed. The CO molecules only adsorb to the active metal sites on the catalysts, therefore the 
amount of CO adsorbed is proportional to the number of active sites present on the Ni2P/B-Al2O3 
catalysts. For the hypophosphite-based Ni2P/B-Al2O3 catalysts, a positive linear trend occurred 
with increased B-loading. For the phosphate-based Ni2P/B-Al2O3 catalysts, a decreasing linear 
trend was observed. This indicates that the hypophosphite-based Ni2P/B-Al2O3 catalysts contain 
more active sites and therefore is more active in sulfur removal catalysis.  
To test catalytic activity, a reactor feed consisting of 4,6-DMDBT in decaline was passed 
over the Ni2P/B-Al2O3 catalysts with hydrogen under pressurized conditions. The B2O3 layer on 
the Al2O3 support played a significant role in determining the HDS activites of the Ni2P/B-Al2O3 
catalysts. The 4,6-DMDBT HDS conversion of the hypophosphite-based Ni2P/B-Al2O3 catalysts 
increased with increasing B-loading up to 0.8 wt% B-loading. The phosphate-based catalysts 
exhibited a similar trend with the highest conversion rate occurring at 1.2 wt% B addition to the 
Al2O3 support. Beyond these optimal B-loadings, both hypophosphite- and phosphate-based 
Ni2P/B-Al2O3 catalysts were less active at HDS conversion. 
The HDS product selectivities of the hypophosphite- and phosphate-based Ni2P/B-Al2O3   
were similar, showing a strong preference for 3,3’-DMCHB. The high selectivity for 3,3’-
DMCHB indicates that 4,6-DMDBT HDS over the Ni2P/B-Al2O3 catalysts proceed via a 
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hydrogenation pathway. For the hypophosphite-based Ni2P/B-Al2O3 catalysts, regardless of B-
loading, the catalysts favor the HYD pathway. At all B-loadings except 0.2 wt%, the phosphate-
based Ni2P/B-Al2O3 catalysts proceed via the HYD pathway producing 3,3’-DMCHB as the 
major product. 
 In contrast, HDS over the commercial Ni-Mo/Al2O3 catalyst proceeds primarily via the 
direct desulfurization pathway. Comparing conversion rates of the hypophosphite-based 
Ni2P/0.8B-Al2O3 catalyst, the phosphate-based Ni2P/1.2B-Al2O3 catalyst and the commercial 
sulfided Ni-Mo/Al2O3 catalyst, the synthesized B-loaded Ni2P/B-Al2O3 catalysts were more 





This thesis research project focused on the effects of B-addition to a γ-Al2O3 support. The 
supports and synthesized Ni2P/B-Al2O3 catalysts were subjected to a range of surface chemical 
analysis to determine if the addition of B effected: the acidity of the Al2O3 support, the 
interactions between the impregnated P and the Al2O3 support, and HDS conversion. Further 
analysis was performed to determine when a monolayer of B2O3 forms on the Al2O3 support.  
A wetness impregnation technique was used to dope the Al2O3 support with H3BO3 and 
for synthesis of the Ni2P/B-Al2O3 catalysts. The supports were probed using XPS and FTIR 
spectroscopy to determine the B-loading corresponding to B2O3 monolayer formation on the 
Al2O3 support (4-5 wt% B). FTIR spectroscopy showed that with the addition of B, both the 
Brønsted and Lewis acidity of the Al2O3 support increased. The FTIR spectra indicates that the 
majority of the hydroxyl groups are bonded to the B rather than the Al. This increase in acidity 
suggests that the interactions between the impregnated P and the Al2O3 support are reduced 
which is further supported by FTIR analysis of the Ni2P/B-Al2O3 catalysts.  
To determine optimal B-loading for sulfur removal, both hypophosphite- and phosphate-
based Ni2P/B-Al2O3 catalysts were subjected to 4,6-DMDBT HDS. Monitoring the sulfur 
conversion at 573 K concluded that for the hypophosphite-based Ni2P/B-Al2O3 catalyst, the 
optimal B-loading is 0.8 wt% and for the phosphate-based Ni2P/B-Al2O3 catalyst, the optimal B-
loading is 1.2 wt%. With the further addition of B, HDS conversion decreases. This suggests that 
the increase in B-Al2O3 support acidity is enough to reduce the impregnated P interaction with 
the Al2O3 support permitting all of the P to become fully phosphided into Ni2P. The formation of 
pure Ni2P crystals is the optimal phase purity for sulfur removal reactions. Optimal B-loadings 
for HDS conversion correspond to significantly less than monolayer coverage. It is hypothesized 
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that the increase in Al2O3 support acidity caused by the addition of B is enough to mitigate the 
interactions between the impregnated P and the Al2O3 support and a complete monolayer of 
B2O3 is not required for optimal HDS conversion.  
Comparing a commercial sulfided Ni-Mo/Al2O3 catalyst with synthesized hypophosphite-
based Ni2P/0.8B-Al2O3 catalyst and phosphate-based Ni2P/1.2B-Al2O3 catalyst, the B-loaded 
catalysts outperformed the commercial catalyst at sulfur removal from a 4,6-DMDBT test 
compound. The selectivities of the commercial catalyst and the synthesized Ni2P/B-Al2O3 
catalyst proceed via DDS and HYD, respectively. The ability to synthesize phase pure Ni2P on 
B-Al2O3 with high sulfur conversion rates suggest that boron-doped supports have the potential 
to be a competitive industry catalyst for heteroatom removal. 
